Compressed mass spectra are generally more difficult to identify than spectra with large splittings. In particular, gluino pair production with four high energy top or bottom quarks leaves a striking signature in a detector. However, if any of the mass splittings are compressed, the power of traditional techniques may deteriorate. Searches for direct stop/sbottom pair production can fill in the gaps. As a demonstration, we show that forg → tt 1 and mt 1 ∼ mχ0 1 , limits on the stop mass at 8 TeV can be extended by least 300 GeV for a 1.1 TeV gluino using a pp →t 1t1 search. At 13 TeV, the effective cross section for the gluino mediated process is twice the direct stop pair production cross section, suggesting that direct stop searches could be sensitive to discover new physics earlier than expected.
Introduction
With the recent discovery of the Higgs boson with a mass of 125 GeV by the ATLAS [1] and CMS [2] collaborations at the LHC, the issue of naturalness is brought into focus. If the solution to the hierarchy problem is that the Standard Model is a subset of a supersymmetric (SUSY) theory, then naturalness suggests that the mass of the supersymmetric counterpart to the top quark, the stop (t), is near the electroweak scale ∼ O(100) GeV. For various reasons such as gauge unification or the 2-loop radiative corrections to the Higgs boson mass, one may also expect a light supersymmetric counterpart of the gluon, the gluino (g), with mass ∼ O(1) TeV. The spectrum can remain natural even if all other colored super partners have masses well into the TeV range or beyond. In R-parity conserving SUSY theories, gluinos would be pair produced; the gluino pair production cross section is much larger than the cross section for direct pair produced stops. For example, at 8 TeV, the cross section for pair produced stops with mass 800 GeV is about 0.002 pb whereas the cross section for stops produced from the decay of 1 TeV pair produced gluinos is about 0.02 pb [3] . Both ATLAS [4] [5] [6] [7] [8] and CMS [9] [10] [11] [12] [13] [14] have searched extensively for the scenario of gluino mediated stop production at the LHC and have excluded natural spectra with large mass splittings that have gluinos with mass below about 1.5 TeV.
When the mass splitting between the stop and the lightest neutralino is very small, many of the traditional techniques for identifying gluino pair production are ineffective. Recognizing the phenomenological similarity betweeng → tt when mt ∼ mχ0 1 and the direct production oft → tχ 0 1 when mt mχ0 1 , depicted in Fig. 1 , suggests that searches for the later can be recast as searches for gluinos. Appendices A.1 and A.2 systematically describes the various compressed scenarios possible in gluino-mediated stop/sbottom production, but the remainder of this paper focuses on the gluino mediated compressed stop scenario.
Limits on Compressed Gluino Mediated Stop Production
The lost sensitivity to compressedg → tt from direct gluino searches with multi-top quark, multi-b quark, or multi-lepton final states can be recovered by direct stop searches. As shown schematically in Fig. 1 , the final state for the gluino mediated compressed stop is the same as the direct stop production. There are only subtle differences due to the fact that the gluino is a fermionic color octet, instead of a scalar triplet like the stop, so there will be small differences in angular distributions and radiation patterns between jets. However, most analysis techniques are not sensitive to these effects. One nonnegligible difference is the electric charge, as stops can have the same charge when from gluinos, but Note that since the gluino is its own anti-particle, the two on-shell stops can have opposite or the same charge. must be oppositely charged for direct stop production. For this reason, gluino searches with multitop/b/lepton final states loose sensitivity to the gluino mediated compressed stop scenario, but same-sign lepton searches can retain sensitivity. However, we will soon see that one-and zero-lepton searches will be more powerful, due to the much larger branching ratio. Both ATLAS [15] [16] [17] [18] [19] [20] [21] [22] and CMS [23] [24] [25] [26] [27] [28] have searched for direct stop pair production using a variety of techniques to target the rich phenomenology possible in stop decays. The current limits on direct stop production for a massless neutralino reach about mt ∼ 700 GeV in both the one lepton and zero lepton final states. In the next section, we will discuss how to recast these limits for gluino pair production.
Reinterpreting Direct Stop Limits
For a massless neutralino, one can translate the limits on 1t 1 → tχ 0 1 into limits ong → tt with mg t ∼ mgχ 0 ∼ 0 by solving the equation σt(mt) = σg(mg g ), from e.g. the numbers published by Ref. [3] . The superscriptg is used to distinguish the mass hierarchy in the direct stop production (no subscript) from the mass hierarchy in the gluino mediated stop production in the reinterpretation. To extend the limits toward mg t > 0, one needs to choose stop masses mg t such that the top quark and neutralino p T from the gluino decay at mg g should be comparable to the top quark and neutralino p T from the stop decay at mt. Define the two-body phase space momentum:
where m t ∼ 175 GeV is the top quark mass [29] . Then, given a pair (mt, mχ0) excluded by a direct stop search, and mgχ 0 from σt(mt) = σg(mg g ), the re-interpreted excluded stop mass mg t is given by the solution to p(mt, mχ0) = p(mg g , mg t ). The solution is quartic in mg t 1 , so in general there can be up to four real solutions. Fortunately, two solutions are negative (or imaginary) and of the two possible positive solutions, only one can be smaller than mg g and thus there is at most one physical solution. The corresponds between the limits on stop mass from the direct search presented in Ref. [18] . All masses are given in GeV and all cross sections are in pb. The notation max X means the maximum value of X at the given mt or mg g . The first two columns are extracted from the (observed) exclusion plots in Ref.
[18], the third column is from Ref.
[3], the fourth column uses Ref.
[3] to solve σt(mt) = σg(mg g ) and the last column is derived using the other columns and the two-body phase space equation given in the text.
The above procedure will produce limits for the gluino mediated compressed stop so long as p(mg g , mg t ) < p(mt, 0). However, this is an artificial constraint -exclusion power increases in the top/neutralino momentum p(mt, x), which is increasing for decreasing x. Therefore, it is a safe assumption that if the point p(mg g , mg t ) is excluded, then the point p(mg g , 0) will also be excluded. One can take this argument one step further. If the maximum stop mass excluded by direct searches is m max t , then it is artificial for the maximum excluded gluino mass to be σt(mt) = σg(mg g ), because the acceptance increases with gluino mass. One can extend the limits to larger gluino masses by noting that the acceptance A for a particular model to pass all signal region requirements depends only on p(mt, mχ0) and not on mt or mχ0 directly and then extrapolating to higher values of p beyond p(m max t , 0). Figure 3 shows the acceptance from the ATLAS stop search in the one lepton final state [18] as a function of p. The observation that the acceptance only depends on p is confirmed by the fact that there is one curve independent of the stop mass. For large values of p, the acceptance should be roughly linear in p as the missing momentum in the event is linear in p. Therefore, we fit the curve beyond p = 200 to a straight line for extrapolating the acceptance to higher values of p. Values of (mg g , mg t ) can be declared excluded if σg(mg g ) × A(p(mg g , mg t )) > n excluded , where n excluded is the excluded beyond the Standard Model number of events from the published search (5.3 events).
One can do even better than naively recasting limits based on n excluded by tightening thresholds on the key variables E miss T , m T , (a)m T2 , m jet , etc. [18, [30] [31] [32] , but studying this change would require a careful assessment of the change in the background yield which is beyond the scope of this paper. Limits can additionally be improved by combining multiple channel (one lepton and zero lepton). [33] . The acceptance is defined as the fraction of simulated signal events that pass a particle-level version of the analysis (no detector simulation). Note that the ratio of the particle-level acceptance to the acceptance using the full detector simulation (Aux Fig. 29 in Ref. [33] ) are all within a few percent of one in the relevant region and so can be safely ignored. In the region beyond 600 GeV, a straight line is fit with parameters A = 0.02
Derived Limits
The re-casted direct stop limits are shown Fig. 3 [34] indicate that the fraction of the time an additional jet from initial or final state radiation has enough p T to pass the jet selection is roughly 40%. This agrees well with the three jet selection efficiency published in auxiliary material Table 64 [35] of the ATLAS search for a model with large top mass for which kinematically the soft c-quark jets will not pass the hard jet p T threshold. As the mass splitting between the stop and the neturalino goes to zero, the reduction in the limit for the highest mass splitting reduces by 100 GeV (not shown). The inclusive one lepton search is based on generic variables such as E miss T , m T , effective mass, etc. and is not optimized for the tt + E miss T final state (the limits may even degrade as mt → mχ0). The improvement over these existing analyses for the reinterpreted direct search are shown in shaded blue in Fig. 3 . The darkest blue is from the strict re-interpretation based on the strategy leading up to Table 1 . The light blue area below the dark blue area is assumed excluded because the signal efficiency increases for the larger mass splitting. The light blue area to the right of the dashed line is from interpolating and extrapolating the efficiency and comparing to the published limit on allowed beyond the Standard Model events. For a 1.1 TeV gluino, the inclusive one lepton limit is extended vertically by about 300 GeV. [36] ) are used to control for statistical fluctuations in the observations. The hatched region is from the 8 TeV ATLAS search for compressed direct stop production via an ISR monojet [22] . The red line is from the ATLAS inclusive one lepton search [8] (Fig. 18a) and the black line is from the ATLAS same-sign lepton search [6] . The shaded region is from the re-interpreted direct stop search, as described in the text.
Conclusions and Future Outlook
Natural, weak scale SUSY is a compelling paradigm for models of new physics. The sensitivity to such models with a nearly mass degenerate stop and neutralino can be extended by repurposing searches for direct stop pair production. The major implications of this work are: -Even though the decay products of a stop (or a sbottom) might be missed due to detector thresholds, the other gluino decay product(s) can empower complementary search techniques targeting one step decay chains with fewer objects in the final state. Direct searches could do even better with targeted optimization to higher p T final states. No limits currently exist (that the author knows of) for the gluino mediated compressed sbottom.
-At 13 TeV, searches for direct stop/sbottom pair production might be able to discover SUSY much earlier than expected because the direct stop/sbottom cross section is much smaller than the gluino cross section. Table 3 summarizes the relative increase in cross sections. Larger masses generally have a larger increase in cross section from 8 to 13 TeV center of mass energy. Thus, since the sensitivity to gluino masses at 8 TeV is much higher than the stop masses, the increase from 8 to 13 TeV is bigger for the gluinos. At the edge of the 8 TeV sensitivity, the expected increase in the yield of gluinos is twice the corresponding yield for stops.
The discovery of SUSY could be within reach of the Run II of the LHC. All possibilities for natural SUSY should be targeted, including those with compressed scenarios. If there is a light enough gluino to mediate, more territory for light stops and sbottoms will be accessible to the direct searches with the early data. Table 2 : The expected increase in yields for the direct stop search and the re-interpreted gluino search from 8 to 13 TeV. The first column is the stop mass in GeV, the second column is the stop cross section at 8 TeV in pb from Ref. [3] . The third column is in pb and also uses Ref.
[3] to solve σt 1 (mt 1 ) = σg(mg g ). The fourth and fifth columns give the cross sections for stop and gluino production at 13 TeV from Ref. [37] . The last two columns give the ratio of the increase in yields for stop and gluino production, respectively.
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Appendices

A Compressed Scenarios
When mg > m t + mt or mt mg, gluinos can decay via an on-or off-shell stop to a ttχ 0 1 final state. Since each top quark decays to a b quark and an on-shell W boson, the ttχ 0 1 final state results in four high p T b-quarks and large missing energy from the neutralinos (χ 0 1 ) with the possibility of many leptons from the W decays, some pairs of which can have the same charge. A natural SUSY spectrum would also suggest that the SUSY partner of the left-handed bottom quark, the sbottom (b), should also be light and if produced viag → bb can give rise to four b-quarks and up to four leptons as well ifb → tχ ± 1 . There are not many Standard Model processes that produce many high energy b-quarks, multi-or same-sign leptons in association with large missing energy and so such techniques are very powerful.
However, the high energy, high multiplicity final states from gluino pair production may become difficult to identify experimentally for compressed mass spectra. In this section, we systematically consider such scenarios by enumerating all mass hierarchies. Throughout,g → tt (org → bb) and mt < mg (or mb < mg). Stops and sbottoms have both flavor conserving and flavor changing decays. The flavor preserving decays are discussed in Sec. A.1 and those with flavor changing decays are discussed in Sec. A.2.
A.1 Flavor Preserving Decays
First, suppose thatt → tχ 0 1 orb → bχ 0 1 . The possible hierarchies are depicted schematically in Fig. A.1 . The large mass splittings in Fig. A.1a are well covered by traditional gluino searches that look for e.g. multi-b final states with large missing momentum. The highly compressed spectrum in Fig. A.1d is not possible to identify without additional initial or final state radiation that would lead to a mono-jet topology, which is beyond the scope of this analysis. For theg → tt, the scenario shown in Fig. A. 1b cannot be too compressed because the top quark would have to be very off-shell for its decay products to be too soft to detect. As mg − mt falls below m t , the top and stop resonances will go off-shell and compete in order to conserve energy. Since mt m χ 0 1 , the stop width is unsuppressed. When the off-shell top mass is below the W mass, the price for taking the top further off-shell is more than for the stop and so it is likely that the scenario for stop production in Fig. A.1b is still well-covered by existing searches. In contrast, forg → bb, the scenario shown in Fig. A.1b can be compressed all the way to mg − mb ∼ m b in which case the b-quark from the direct gluino decay might be too soft to measure experimentally. This is phenomenologically similar to the models in Fig. A.1c . The scenarios shown in Fig. A.1c are a clear source of compressed gluino decays for which traditional searches may loose sensitivity and are well-motivated by stop-neutralino co-annihilation to produce the correct DM cosmological abundance [38] [39] [40] . When the stop (or sbottom) and neutralino are nearly mass degenerate, the phenomenology of theg → tt is basically the same asg tχ 0 1 (or replace t ↔ b andt ↔b), and are covered by the analyses discussed in the main body of the paper.
A.2 Flavor Changing Decays
The flavor changing decays aret → bχ 
